While radiation therapy is commonly used for treating cancer, radiation resistance can limit long-term control of the disease. In this study, we investigated the reprogramming of the energy metabolism in radiosensitive and radioresistant head and neck squamous cell carcinomas (HNSCC) using a preclinical matched model of radiation resistance. Our investigation found that radioresistant rSCC-61 cells: 1. They display increased glucose uptake and decreased fatty acid uptake; 2. They deviate from the classical Warburg effect by diverting the glycolytic flux into the pentose phosphate pathway; 3. They are more dependent on glucose than glutamine metabolism to support growth; 4. They have decreased mitochondrial oxidative phosphorylation; 5. They have enhanced fatty acid biosynthesis by increasing the expression of fatty acid synthase; and 6. They utilize endogenous fatty acids to meet the energy demands for proliferation. Inhibition of fatty acid synthase with orlistat or FASN siRNA resulted in increased cytotoxicity and sensitivity to radiation in rSCC-61 cells. These results demonstrate the potential of combination therapy using radiation and orlistat or other inhibitors of lipid and energy metabolism for treating radiation resistance in HNSCC. Ó 2015 by Radiation
INTRODUCTION
Head and neck squamous cell carcinomas (HNSCC) accounts for nearly 3% of all new cancers in the U.S. and has an annual incidence of 500,000 new cases worldwide (1) . The treatment options available for HNSCC patients utilize various combinations of surgery, radiation therapy and chemotherapy, depending on the stage and resectability of the disease. Radiation therapy alone or combined with chemotherapy can be a primary curative treatment prescribed for these patients either as definitive or as adjuvant post-surgical therapy. Significant acute and long-term side effects (e.g., oral mucositis, dysphagia) as well as the development of therapy resistant tumor cells can limit the effective use of radiation therapy. For these reasons, there is an increased focus on the use of targeted radiosensitizing agents used in combination with radiation therapy to treat radiation-resistant tumors, and potentially reduce normal tissue toxicity. Because of the increased expression of epidermal growth factor receptor (EGFR) found in .80% of HNSCC cases (2) , this protein is considered as an attractive target for HNSCC treatment. In 2007, the FDA approved the first targeted therapy against EGFR (Cetuximab, a monoclonal antibody against EGFR), to be used in conjunction with radiation therapy in patients with locally advanced HNSCC based on the clinical studies reported by Bonner et al. (3) . However, despite the wide overexpression of EGFR in HNSCC, only 10-15% of patients respond to this treatment, suggesting a need for additional targets (4) .
The reprogramming of cancer cell metabolism has gained recent attention as one of the major hallmarks of cancer (5, 6) . The rewiring of tumor cell metabolism is recognized as a dynamic process adopted by cancer cells to ensure a steady supply of metabolites for generation of both biomass and energy (7, 8) . A seminal finding for this metabolic diversion is the Warburg effect (9), which allows for conversion of glucose into lactate instead of pyruvate even when sufficient oxygen is available to support mitochondrial oxidative phosphorylation (OXPHOS). The advantage of this process for energy production is the buildup of glycolytic intermediates, which can provide for the biosynthetic needs of daughter cells after cell division (10) . The Warburg effect is often misinterpreted as an indicator of damaged mitochondrial function in tumor cells (11) . However, more recent reports show that mitochondrial function in cancer cells is intact and although these cells may not maximize their ATP production through mitochondrial OXPHOS, a significant fraction of the ATP might still be derived from it (12) . In addition, cancer cells are known to utilize mitochondrial enzymes to meet their challenge of macromolecular biosynthesis and ensure effective cellular proliferation (12) . Over the past years, a number of studies have addressed the diversity of tumor energy metabolism and identified the mechanistic connections between metabolism, signaling and cancer cell proliferation (13) . It is now recognized that tumor cells demonstrate metabolic heterogeneity with capacity to utilize alternative oxidizable substrates such as glutamine and fatty acids (14) (15) (16) . Therefore, interference with tumor cell metabolism is emerging as a novel treatment strategy in many types of malignancies including HNSCC (17) (18) (19) (20) (21) (22) (23) .
Previous investigations of HNSCC metabolism have revealed dysregulation of multiple metabolic pathways such as OXPHOS, TCA cycle and glutaminolysis (19) , as well as a general reliance on glucose as the dominant energy source for survival and proliferation (17) . However, to our knowledge, the metabolic changes associated with radiation-resistant tumor cells in HNSCC have not been investigated. Thus, a better understanding of the underlying molecular and metabolic regulation that leads to radiationresistant cells in HNSCC could significantly aid in the introduction of more effective and novel therapeutics. In an effort to underpin the molecular reprogramming associated with the acquisition of radiation resistance in HNSCC, we developed a matched model of radiation-resistant cells for this disease, the SCC-61/rSCC-61 system, which we reported on previously (24) . Quantitative proteomic profiling showed broad changes in protein expression in the radioresistant cells (rSCC-61) that were associated with cellular metabolism, in addition to the expected upregulation of proteins involved in protection against DNA damage (24) .
In this study, we followed up on the findings from the proteomics analysis and investigated the reprogramming of energy metabolism in the SCC-61/rSCC-61 matched model of radioresistant cells. We found that radioresistant rSCC-61 cells deviate from the classical Warburg effect by diverting the glycolytic flux into the pentose phosphate pathway (PPP). Additionally, these cells have decreased mitochondrial OXPHOS, and increased expression of fatty acid synthase (FASN), which is related to increased reliance on the utilization of endogenous fatty acids for energy production. Inhibition of FASN with orlistat or FASN siRNA resulted in increased cytotoxicity and sensitivity to radiation treatment in rSCC-61 cells. Bioenergy studies showed decreased ATP synthesis and lower spare respiratory capacity as potential mechanisms of increased sensitivity to radiation in orlistat-treated rSCC-61 cells.
MATERIALS AND METHODS

Reagents
Antibodies and reagents were obtained from the following sources: rabbit anti-COXIV, rabbit anti-glucose 6-phosphate dehydrogenase, rabbit anti-b actin and goat anti-rabbit IgG HRP (Cell Signaling 
Cell Culture and Radiation Treatment
The generation of the SCC-61/rSCC-61 matched model of response to radiation was described earlier (24) . Briefly, the radiation-sensitive SCC-61 cells were irradiated in vitro with fractionated ionizing radiation (8 3 2 Gy), the resulting cell population was plated on soft agar and a single colony (rSCC-61) was picked for in-depth analysis of the mechanisms driving the response to radiation treatment in HNSCC. Both SCC-61 and rSCC-61 cells used in this study were cultured in the DMEM/F12 medium supplemented with 10% FBS (Invitrogen) at 378C and 5% CO 2 . Cell medium was replaced every two days with fresh medium. Where applicable, a 444 TBq 12,000 Ci self-shielded 137 Cs (Cesium) irradiator was used for radiation treatment. Culture dishes were placed on a Styrofoam insert within the chamber of the irradiator, such that the distance from the cesium source would result in a homogenous dose distribution over the desired field with a dose rate of 392 rad/min. From the dose rate, the exposure time required to deliver the desired dose was calculated and entered into the irradiator.
Glucose Uptake
SCC-61 and rSCC-61 cells were grown in six-well plates to 70% confluency. Medium was then removed and cells were washed two times with PBS at room temperature. The assay was initiated by the addition of 0.1 mM 2-deoxyglucose and 0.5 lCi/mL 2-deoxy-D-[3H] glucose (PerkinElmer) and terminated after 30 min by washing cells two times in ice-cold PBS and quenching with 0.05 M NaOH. Uptake of 2-deoxy-D-[3H] glucose was detected in ScintiVersee BD scintillation mixture (Thermo Fisher Scientific) using a Beckman LS 6000 SC scintillation counter and was normalized by protein concentration.
Cell Proliferation Using SRB Assay
The proliferation of SCC-61 and rSCC-61 cells in response to glucose or glutamine deprivation, 6-aminonicotinamide (6-AN) (Sigma-Aldricht LLC, St. Louis, MO) or 2-deoxy-D-glucose (2-DG) (Sigma-Aldrich) or orlistat treatment was determined using the SRB colorimetric assay. The cells were seeded in 24-well plates at a density of 50,000/well in 1 mL. After overnight incubation at 378C, the cells were either incubated in glucose-free or glutamine-free medium, or treated with either 5 lM 6-AN, 20 mM 2-DG or 0.1-100 lM orlistat and then given 0 Gy or 2 Gy irradiation and incubated for an additional 48 h at 378C. For experiments involving glutamine deprivation the treated cells were incubated for 72 h at 378C. After incubation, cells were fixed with 500 lL cold 10% trichloroacetic acid (TCA) and incubated at 48C for 1 h. After fixing, cells were washed 43 with water and dried completely before the addition of 100 lL of 0.057 % (wt/vol) SRB solution to each well for 30 min at room temperature. Plates were quickly rinsed 43 with 1% (vol/vol) acetic acid to remove unbound dye and dried completely. Next, 200 lL of 10 mM Tris base solution (pH 10.5) was added to each well and then shaken for 30 min to solubilize protein-bound dye. The absorbance was measured at 510 nm using a microplate reader.
GLUT1 Imaging Analysis
SCC-61and rSCC-61 cells were seeded in 1 mL Microtek chambers at a density of 2 3 10 4 cells/mL and incubated overnight at 378C and 5% CO 2 . After overnight incubation, cells were washed with cold PBS, fixed in 4% formaldehyde for 15 min and permeabilized with 0.1% Triton X-100 followed by blocking with 5% BSA for 1 h at room temperature. The cells were incubated with 1:200 dilution of rabbit anti-GLUT1 (Millipore) overnight at 48C followed by washing 33 with PBS, incubation with 1:1,000 dilution of secondary antirabbit Alexa Fluort 488 conjugate for 1 h at room temperature and 10 min incubation with 1:1,000 Hoescht before mounting with Fluoromounte (Sigma-Aldrich). Imaging was performed using a Zeiss LSM710 confocal microscope and a 403 objective. LSM image browser was used for processing the confocal images.
Mitochondrial Stress Assays Using the Seahorse XFA 24-3 System Measurement of OCR under normal growth conditions. O 2 consumption was determined using a Seahorse XFA 24-3 system. SCC-61 and rSCC-61 (4 3 10 4 cells) were seeded in the 24-well XF24 cell culture plate in DMEM/F12 (þ10% FBS) and allowed to grow for 24 h. One hour prior to analysis, culture media was replaced by XF assay medium supplemented with glucose (17.5 mM) and sodium pyruvate (0.5 mM) and incubated at 378C for 1 h to allow pH and temperature stabilization in a non-CO 2 incubator. The OCR was repeatedly measured for a total of 5 measurements followed by sequential injection of oligomycin (0.75 lM), FCCP (1 lM) and antimycin A/rotenone (1 lM each), after measurements 5, 9 and 15, respectively. After all measurements were completed, cells were lysed and protein estimation was performed by BCA assay to confirm equal distribution of cells per well and to correct the OCR readings by protein concentration if needed. All data were analyzed using XF software and displayed as average OCR (pM/min). The data is the average of replicate wells (n ¼ 3-5) 6SEM.
Fatty acid oxidation (FAO) assay using cells treated with exogenous palmitate. Similarly to above, 4 3 10 4 cells were seeded in the 24-well XF24 cell culture plate in DMEM/F12 (þ10% FBS) and allowed to grow for 24 h. At 24 h prior to analysis, culture media was replaced by substrate limited media supplemented with glucose (0.5 mM), GlutaMAX (1 mM), carnitine (0.5 mM) and 1% FBS and incubated at 378C to prime the cells to oxidize exogenous fatty acids. Culture media was replaced by FAO assay medium (111 mM NaCl, 4.7 mM KCl, 1.25 mM CaCl 2 , 2 mM MgSO 4 , 1.2 mM NaH 2 PO 4 ) supplemented with 2.5 mM glucose, 0.5 mM carnitine and 5 mM HEPES, and preheated at 378C for 1 h in a non-CO 2 incubator. A final concentration of 1.2 mM BSA or XF Palmitate-BSA substrate was added to the appropriate wells immediately before the start of assay. The OCR was measured repeatedly 4 times and after the sequential injection of oligomycin (0.75 lM), FCCP (1 lM) and antimycin A/ rotenone (1 lM each), added after measurements 4, 7, and 10, respectively. After all measurements were completed, cells were lysed, protein concentration was measured by the BCA assay and data was processed as described above.
Measuring orlistat effects on OCR. The same procedure was followed as described for the assays under normal growth conditions with the only difference being pretreatment of cells with 10 lM orlistat for 2.5 h before the start of the experiment. After all measurements were completed, cells were lysed, protein concentration was measured by the BCA assay and data was processed as described above.
Detection of mitochondrial reactive oxygen species. Subconfluent SCC-61 and rSCC-61 cells were treated with 20 mM 2-DG for 24 h, stained with 0.5 lM MitoSOXe Red (Ex/Em 500/580, designated red) and imaged. Imaging was performed using a Zeiss LSM 710 confocal microscope and a 103 objective. All images were collected under the same confocal settings. LSM image browser was used for processing the confocal images.
NADPH/NADP
þ Quantification
Cells were seeded at 1 3 10
5
, allowed to attach, and then washed with cold PBS immediately after attachment. Cells were extracted with 200 lL of NADP þ /NADPH extraction buffer by homogenization, then vortexed for 10 s, followed by centrifugation at 13,000g for 10 min to remove insoluble material. Samples were deproteinized before use in assay by filtering through a 10 kDa cutoff spin filter. To detect NADPH, NADP þ was decomposed by centrifuging tubes and heating to 608C for 30 min in a water bath followed by cooling on ice. Samples were quickly spun to remove any precipitates, leaving only NADPH. NADP þ and NADPH samples were incubated with Master Reaction mixture for 2 h before absorbance was measured at 450 nm according to the manufacturer's (cat. no. MAK038; Sigma-Aldrich) protocol.
Clonogenic Cell Survival Assay
Radiation-resistant rSCC-61 cells and the parental SCC-61 cells were trypsinized, resuspended in complete medium (DMEM/F12 þ 10% FBS) and plated (250 cells/well) into the 6-well culture dishes. After overnight incubation at 378C, the cells were treated with a range of concentrations of orlistat in triplicates (0.5-100 lM) and allowed to incubate for 16 h. Fresh media was then added and the cells were incubated for additional 7-8 days for the colony formation. Once formed, the colonies were fixed in methanol and acetic acid (1:1) solution and stained with 0.5% crystal violet. The colonies containing more than 50 cells were scored as clonogenic survivors. The surviving fraction of the drug-treated cells was normalized using the plating efficiencies of their corresponding untreated control.
Fatty Acid Synthase Activity (FASN) Assay
Cells were harvested by treatment with trypsin-EDTA solution, pelleted by centrifugation, washed twice, and resuspended in cold PBS. Cells were sonicated for 30 min at 48C and centrifuged for 15 min at 48C to obtain particle-free supernatants. A supernatant sample was taken to measure protein content by BCA assay. One lg/lL of total protein was used for the assay and 120 lL of this particle-free supernatant were pre-incubated for 15 min at 378C for temperature equilibration. The sample was then added to 150 lL of the reaction buffer [200 mM potassium phosphate buffer (pH 7.0), 1 mM EDTA, 1 mM DTT, 30 lM acetyl-CoA, 0.24 mM NADPH], followed by 30 lL of 500 lM malonyl-CoA (FASN substrate), and the final volume of 0.3 mL of reaction mixture was assayed for 20 min to determine FASN-dependent oxidation of NADPH. Before the addition of malonyl-CoA, the background rate of NADPH oxidation in the presence of acetyl-CoA was monitored at 340 nm for 10 min.
siRNA Transfections and Clonogenic Assays
Cells were grown to 60% confluency followed by transfection with FASN siRNA (60 and 100 nM) or control siRNA (100 nM) (Dharmacon) according to manufacturer's protocol. After 36 h, transfected cells were trypsinized and resuspended in the complete medium and plated (500 cells/well) into the six-well culture dishes. After 4 h, the cells were irradiated with 2 Gy and incubated for an additional 7-8 days for the colony formation. Once formed, the colonies were fixed in methanol and acetic acid (1:1) solution and stained with 0.5% crystal violet. The colonies containing more than 50 cells were scored as clonogenic survivors. The surviving fraction of the irradiated cells was normalized using the plating efficiencies of their corresponding untreated control. SCC-61 cells were also included in the clonogenic assays. Western blot analysis was 5 cells) were seeded per well in a six-well plate and grown overnight at 378C and 5% CO 2 . On the following day, cells were washed, then starved in HBSS for 30 min and subsequently washed twice with HBSS. The cells were then incubated with 14 C-labeled palmitate (1 lCi) for 30 min followed by three washes with PBS. The cells were collected in 0.5 N NaOH (500 lL) and transferred to scintillation vials containing 1 mL of scintillation fluid. The 14 C-palmitate uptake was expressed as nM/ mg of total protein.
Western Blot Analysis
SCC-61 or rSCC-61 cells (8 3 10
5 cells) were seeded in 100 mm culture dishes. Cells were lysed after 48 h and the fresh media was replenished 24 h before lysis. Cells were lysed using RIPA buffer [20 mM Tris-Cl (pH 7.4); 150 mM NaCl (1% sodium deoxycholate); 1% Triton X-100 (0.1% SDS); supplemented with protease and phosphatase inhibitor tablets (Roche Diagnostics, Indianapolis, IN)]. The lysates were incubated on ice for 1 h followed by centrifugation at 10,000g for 10 min. The lysates were then normalized for their protein concentration across different treatment conditions and subjected to SDS-PAGE. The separated proteins were then transferred to a nitrocellulose membrane (0.45 lm; Bio-Rad Laboratories Inc., Hercules, CA) and probed for the indicated proteins using the corresponding primary and HRP-linked secondary antibodies. Proteins were visualized by treating the blots with the Western Lightning Plus-ECL reagents followed by exposure to autoradiography film (GeneMate Blue Ultra Autorad film; BioExpress, Kaysville, UT).
Quantification of Western blot results was performed using ImageJ (National Institutes of Health, Bethesda, MD).
Statistical Analysis
Statistical analysis (t test) was based on a minimum of three biological replicates using SigmaPlote (Systatt Software Inc., San Jose, CA), version 12.0 or Microsoft Excel 2010. Asterisks indicate statistically significant changes compared with untreated controls (a ¼ 0.05, *P ¼ 0.01-0.05, **P ¼ 0.001-0.01 and ***P ¼ ,0.001).
RESULTS
Contribution of Glycolysis to SCC-61 and rSCC-61 Proliferation
We examined the glucose uptake and utilization in radiosensitive SCC-61 and radioresistant rSCC-61 cells. The total glucose uptake of rSCC-61 cells was significantly higher than the SCC-61 cells (P , 0.001; Fig. 1A) , consistent with the increased expression and membrane localization of glucose transporter GLUT1 in rSCC-61 determined by imaging and Western blot (P , 0.001; Fig.  1B ). To further determine the requirement for glucose metabolism in rSCC-61 cells, we examined cell viability under glucose deprivation with 0 and 2 Gy irradiation. Cells were grown using regular media, media depleted of glucose or regular media supplemented with 2-DG, a glycolysis inhibitor, followed by radiation treatment. Cell proliferation was measured using the SRB assay (25) . Regardless of radiation treatment, both glucose starvation and 2-DG treatment significantly reduced cell proliferation in both rSCC-61 and SCC-61 cells, although the effect was more pronounced in rSCC-61 (e.g., ;twofold vs. ;fourfold decrease in cell proliferation in glucose-deprived SCC-61 and rSCC-61 cells, respectively, in the absence of radiation treatment; P , 0.001; Fig. 1C ).
Contribution of PPP to SCC-61 and rSCC-61 Proliferation
Multiple levels of regulation on glycolysis have been identified that can divert glucose towards the synthesis of molecular building blocks that are fundamental to cancer cell proliferation. For example, TP53-inducible glycolysis and apoptosis regulator (TIGAR) has fructose-2,6-bisphophatase activity and is an established regulator of glycolysis and PPP (26) . Increased expression of TIGAR inhibits glycolysis and promotes PPP by lowering fructose-2,6-bisphosphate and increasing fructose-6-phosphate in cells. One of the mechanisms underlying glycolysis/PPP regulation is the conversion of fructose-6-phosphate into glucose-6-phosphate, the substrate for the rate-limiting reaction in the PPP catalyzed by glucose-6-phosphate dehydrogenase (G6PD). The parallel decrease in fructose-2,6-biphosphate results in downregulation of phosphofructokinase 1 activity, a glycolytic enzyme catalyzing the conversion of fructose-6-phosphate to form fructose-1,6-bisphosphate. Western blot analysis showed increased expression of TIGAR (P ¼ 0.004) and G6PD (P , 0.001) in rSCC-61, suggesting an increased routing of glucose into the PPP (Fig. 2A) . In addition, quantitative proteomics analysis reported earlier showed a 3.5-fold increased expression in rSCC-61 of the enzyme 6-phosphogluconate dehydrogenase (6PGD) catalyzing the second NADPH producing step in the oxidative phase of PPP (24) . Based on these results, we hypothesized that rSCC-61 would be more dependent on PPP than SCC-61. Indeed, treatment of SCC-61 and rSCC-61 cells with the 6-phosphogluconate dehydrogenase inhibitor, 6-aminonicotinamide, resulted in decreased cell proliferation in rSCC-61 compared with SCC-61 in both irradiated and control cells (P ¼ 0.005 and P ¼ 0.008, respectively; Fig. 2B ). The expected consequence of upregulated PPP is increased production of NADPH and ribose-5-phosphate for subsequent biosynthesis of nucleic acids and defense against radiation-induced oxidative damage (27) . Indeed, quantification of NADPH/NADP þ ratio showed NADPH to be increased 1.5-fold in rSCC-61 compared to SCC-61 cells (P ¼ 0.04; Fig. 2C ). These results are also consistent with the functional analysis of our previously published quantitative proteomic data for SCC-61 and rSCC-61 cells, which showed significantly increased nucleotide 
Glutamine Utilization in SCC-61 and rSCC-61 Cells
Metabolic rewiring to satisfy rapid proliferation often includes utilization of secondary nutrient glutamine as a source for energy and biomass generation (8, 28, 29) . Previously published data from a panel of 15 HNSCC cell lines indicated that glucose, not glutamine, is the dominant energy source for proliferation and survival of HNSCC cells (17) . To demonstrate the preference of glucose and glutamine utilization in radiosensitive and radioresistant HNSCC, we investigated the effect of glutamine depletion without and with radiation treatment on rSCC-61 and SCC-61 proliferation. SCC-61 and rSCC-61 cells were cultured in the medium containing various concentrations of glutamine (0-2.5 mM) and cell proliferation was determined using the SRB assay. As shown in Fig. 3 , glutamine starvation resulted in significantly decreased proliferation of SCC-61 cells compared with rSCC-61 (e.g., P , 0.001 for 0 mM glutamine) indicating that the radioresistant rSCC-61 cells are largely dependent on glucose for meeting their energy and growth requirements and less dependent on glutamine compared with the SCC-61 cells. Interestingly, the effects of glutamine depletion on cell proliferation seem to be much stronger than those induced by irradiation, as indicated by lack of a significant difference in cell proliferation between irradiated and control cells in the absence of glutamine as substrate. This result is consistent with the data presented in Figs. 1C and 2B, which suggested a dependence of radiation-induced cell death on cellular energy metabolism.
rSCC-61 Cells Have Reduced Mitochondrial OXPHOS
The results presented in Figs. 1 and 2 demonstrate an increased dependence on overall glucose metabolism in rSCC-61 cells and increased flux through PPP in these cells. We have reported previously that rSCC-61 cells have increased expression of lactate dehydrogenase B enzyme (favoring conversion of lactate to pyruvate) and decreased expression of lactate dehydrogenase A (favoring conversion of pyruvate to lactate) (24) , which also pointed to a possible diversion from the conventional Warburg metabolism. Taken together, the data indicated that a significant proportion of glycolytic flux was diverted into lactic acid synthesis in SCC-61 while in rSCC-61 the upstream glycolytic intermediates were funneled into the PPP but also possibly into the TCA and mitochondrial electron transfer chain (ETC) to support OXPHOS. To investigate the relative proportion of glycolytic flux entering the TCA cycle and mitochondrial ETC in SCC-61 and rSCC-61 cells, we measured the oxygen consumption rate (OCR) at basal and in response to modulators of ETC function using the Seahorse XF24 extracellular flux analyzer. Inhibition of ATP synthase with oligomycin was used to determine the proportion of OCR utilized for ATP production at basal conditions. Trifluorocarbonylcyanide phenylhydrazone (FCCP) was added to assess maximal uncoupled respiration and finally, rotenone/antimycin A was used to assess any residual nonmitochondrial OCR (Fig. 4A) . Western blot analysis of the mitochondrial enzyme COXIV showed comparable mitochondrial content in SCC-61 and rSCC-61 cells (Fig. 4A) . Six primary parameters were extracted using this methodology: basal respiration, ATP production, maximal respiration, spare respiratory capacity, proton leak and nonmitochondrial respiration (***P , 0.001, **P , 0.01; Fig. 4B ). These parameters were calculated as shown by the highlighted areas under the SCC-61 data shown in Fig. 4A . There was a slight decrease in the proton leak in rSCC-61, however, this was not statistically significant. On the other hand, basal respiration, ATP production, maximal respiration, spare respiratory capacity, as well as the nonmitochondrial respiration were all statistically higher in SCC-61. Thus, we conclude that compared to SCC-61, the radiation-resistant rSCC-61 cells have decreased overall OXPHOS activity and ATP generation. These experiments also allow for detection and quantification of proton production or extracellular acidification rate (ECAR). The results show higher rates of proton production in SCC-61 cells compared with rSCC-61 cells (Fig. 4C) . Overall, the results are consistent with the increased channeling of FIG. 3 . Glutamine utilization in SCC-61 and rSCC-61 cells. Cell proliferation using media supplemented with decreasing concentrations of glutamine and either without or with irradiation (e.g., ***P , 0.001 and *P ¼ 0.04 for 0.0 mM glutamine, without irradiation and with 2 Gy irradiation, respectively). SRB assay for cell proliferation was performed using three biological replicates for each treatment condition. The results show an overall increased reliance on glutamine metabolism in SCC-61 compared with rSCC-61 cells.
glycolysis intermediates into the PPP in rSCC-61 shown in Fig. 2 , and with the increased proton secretion in SCC-61 (24) . Thus, although there is more glucose uptake in rSCC-61 a greater proportion of this is funneled through the PPP and less through the mitochondrial ETC.
We then investigated whether the higher ROS content in SCC-61 compared with rSCC-61 reported earlier (24) could also be partly explained by the increased routing of glucose into the TCA and mitochondrial ETC in SCC-61 identified here. We used MitoSOX to determine differences in mitochondrial ROS between the two cell lines and the consequence of 2-DG treatment on mitochondrial ROS generation. The results showed higher mitochondrial ROS in SCC-61 compared with rSCC-61 and decreased ROS with 2-DG treatment in SCC-61 consistent with the mitochondrial energy findings presented above. These results also show that the increased cytotoxicity of 2-DG in rSCC-61 is not due to an increase in mitochondrial ROS but more likely to decreased flux through PPP or possibly through other mechanisms, since 2-DG effects 
Contribution of Fatty Acid Metabolism to Energy Balance and Radiation Resistance in rSCC-61
Lipid metabolism is a major contributor to energy balance in cells, and while it is known to be upregulated in cancers (31) , it has been less studied in relationship to radiation resistance. Since our previous quantitative proteomics studies identified a sevenfold increase in the expression of FASN in rSCC-61 relative to SCC-61 cells, we wanted to investigate the functional contribution of fatty acid metabolism (uptake, biosynthesis and oxidation) to energy balance and radiation response in these cells.
Fatty acid synthase (FASN) activity and uptake of exogenous fatty acids. First, we followed up on the proteomics findings with Western blot analysis showing a threefold increased expression of FASN (P , 0.001; Fig.  5A ). The inconsistency in fold-change values is due to the limited linear dynamic range enabled by Western blot detection compared with the mass spectrometry-based quantitative analysis. Nevertheless, both analyses show a significant .3-fold increase of FASN in rSCC-61 cells. Next, we measured the FASN activity and detected a fivefold increased activity in rSCC-61 relative to SCC-61 (P , 0.01, Fig. 5B ), which was consistent with the increased expression of FASN in these cells. We then hypothesized that the increased biosynthesis of fatty acids in rSCC-61 is associated with a decreased dependence on exogenous fatty acids. To address this, we quantified the uptake of fatty acids in SCC-61 and rSCC-61 cells using 14 C-palmitate and found a significant twofold decrease in both the amount and rate of palmitic acid uptake in rSCC-61 (Fig. 5C) .
Fatty acid oxidation (FAO) assay shows decreased utilization of exogenous fatty acids to support mitochondrial OXPHOS in rSCC-61. SCC-61 and rSCC-61 FAO was determined using BSA conjugated palmitate as exogenous substrate. As shown in the OCR profile plots (Fig. 5D) , the basal respiration in the presence of BSA:palmitate (purple box) was significantly higher than the BSA control (310 pM/min) in SCC-61 cells. The basal respiration under palmitate and BSA control treatment was calculated by subtracting the nonmitochondrial respiration (average of last three readings in each plot) from the average of the first four readings. The addition of BSA:palmitate to the rSCC-61 cells also resulted in an increase in basal respiration (85 pM/ min) but this was lower than in SCC-61. The expected uncoupling of mitochondria by palmitate (blue box) was observed in both cell lines contributing to the basal respiration with 298 pM/min in SCC-61 and 228 pM/min in rSCC-61. The uncoupling of mitochondria by palmitate or BSA was calculated as the difference between the average of readings 5, 6 and 7 and the average of readings 11, 12 and 13 (nonmitochondrial respiration). Maximal respiration (green box) of SCC-61 due to utilization of exogenous palmitate was increased by 195 pM/min compared to 75 pM/min in rSCC-61. Maximal respiration was calculated as the difference between the average of readings 8, 9 and 10 and the average of readings 11, 12 and 13 (nonmitochondrial respiration). The results demonstrate significant reliance on utilization of endogenous fatty acids in radioresistant rSCC-61. While we do not currently understand the shift in basal OCR in rSCC-61 treated with BSA alone (control experiment), the significantly increased basal OCR in SCC-61 compared with rSCC-61 cells after the addition of palmitate correlates with the higher palmitate uptake seen in Fig. 5C .
Inhibition of FASN decreases rSCC-61 survival. Since tumor cells utilize fatty acids for multiple purposes (e.g., membrane synthesis, signaling, antioxidants) and the data in the FAO assay pointed to the need for endogenous fatty acid synthesis to support mitochondrial OXPHOS in rSCC-61, we next investigated the requirement for FASN activity in radiation resistance in rSCC-61. The rSCC-61 and SCC-61 cells were treated with orlistat, a pharmacological inhibitor of FASN, and cell survival was monitored using both clonogenic and cell proliferation assays. The results showed that compared to SCC-61 cells, rSCC-61 had decreased survival upon treatment with orlistat [rSCC-61 IC50 16.5 lM, SCC-61 IC50 . 100 lM (Fig. 6A)] and increased sensitivity to radiation [P ¼ 0.009, P ¼ 0.005, P ¼ 0.007 for orlistat concentrations 0.1, 1.0 and 10.0 lM, respectively (Fig. 6B) ]. Next, we decreased the expression of FASN in rSCC-61 using a siRNA approach and quantified the consequence on the response to radiation. Overall, downregulation of FASN with orlistat or siRNA treatment resulted in increased sensitivity to radiation in rSCC-61 cells (P ¼ 0.001-0.05, Fig. 6C , left side) matching the response to radiation in SCC-61 cells, which were used as control in this experiment. The depletion of FASN protein upon transfection with FASN siRNA was confirmed by Western blot analysis (Fig, 6C, right side) . To determine the role of endogenous fatty acids in mitochondrial OXPHOS activity in rSCC-61 cells, we inhibited FASN using 10 lM orlistat and measured OCR as shown in Fig. 4B . The results showed inhibition of FASN by orlistat significantly decreased five out of six parameters extracted from the OCR data in rSCC-61 cells. In SCC-61, the orlistat treatment decreased only nonmitochondrial respiration while not affecting or slightly increasing some of the other OCR parameters (Fig. 6D) . This data further supports the necessary role of fatty acid synthesis in OXPHOS activity and ATP generation in the radiation-resistant rSCC-61 cells and a potential contribution of fatty acid metabolism to nonmitochondrial respiration in both SCC-61 and rSCC-61 cells.
DISCUSSION
Despite significant advances in the understanding of HNSCC tumor biology, the management of HNSCC remains complicated and a multimodality approach is often employed to treat HNSCC patients. Radiation therapy is a common treatment for HNSCC and used in nearly all disease stages in combination with surgery or chemotherapy (32) . However, despite recent progress on the use of targeted therapies (e.g., Cetuximab targeting epidermal growth factor receptor) in combination with radiation therapy to treat HNSCC, resistance to radiation treatment remains a serious concern (33) (34) (35) . Ongoing efforts to sensitize tumors to radiation treatment include improvements in radiation regimens and delivery, identification of molecular markers of radiation response, discovery of new therapeutic targets as sensitizers of radiation response and their optimization with existing radiation treatment options. Towards this goal, we had previously established a preclinical matched model of radiation resistance in HNSCC and performed comprehensive proteomics analysis to identify molecular networks that can contribute to the radiation-resistant phenotype in HNSCC (24) . The study has now been extended to understand the nutrient and energy signatures of SCC-61 and the matched radiationresistant rSCC-61.
Normal untransformed eukaryotic cells have evolved for optimal utilization of biochemical pathways (e.g., glycolysis, TCA, mitochondrial OXPHOS, PPP) to convert glucose into CO 2 and H 2 O while maximizing the production of ATP, NADPH and various biosynthetic intermediates. In contrast, tumor cells have been traditionally classified as ''addicted to glucose'' where they employ aerobic glycolysis for energy generation and divert mitochondrial activity into biosynthetic pathways for biomass generation to support cell proliferation (12) . In addition, studies have increasingly shown that tumor cells demonstrate utilization of alternative oxidizable substrates like glutamine and fatty acids to potentiate their survival (14) (15) (16) . Despite the increased recognition of the need to understand tumor metabolism for improved disease management, few studies have focused on presenting a clear picture of the metabolic phenotype of HNSCC (17, 19, 36) . Two earlier published studies showed NMR-based metabolic profiling of HNSCC tumor specimens and varied levels of metabolites that revealed dysregulation in multiple metabolic events, including the Warburg effect, TCA, glutaminolysis and antioxidant mechanisms, among others (19, 36) . In another study by Sandulache et al. (17) , a panel of 15 HNSCC cell lines was evaluated for metabolic phenotype and the potential for targeting key energy metabolism pathways for inhibiting cell proliferation in head and neck cancer. The majority of cell lines tested in this study relied on glucose and not glutamine for their survival. However, there remains a lack of coherent understanding of the metabolic perturbations that exist in the development of radioresistance in HNSCC.
In the current study we show that radiation resistance is associated with increased glucose uptake consistent with the increased reliance of these cells on glycolysis and PPP. We identified increased expression of GLUT1, a clinically useful marker for HNSCC disease (37) and increased localization to the membrane in rSCC-61 cells compared to SCC-61 cells. While both SCC-61 and rSCC-61 cells were sensitive to metabolic inhibitors of glycolysis (2-DG) and PPP (6-AN), the effects of 2-DG and 6-AN in rSCC-61 were stronger than in SCC-61. Further analyses support the increased routing of glucose into the PPP pathway due to increased expression of TIGAR, G6PD and increased production of NADPH in rSCC-61 for synthesis of lipids and nucleic acids. These observations are in accordance with previous reports showing combinatorial treatment with 2-DG and 6-AN to radiosensitize head and neck cancer cells through mechanisms that involved redox-mediated alteration of ASK1-JNK/p38MAPK apoptosis signaling pathway (38) . With respect to glutaminolysis, the rSCC-61 cells were less reliant on this pathway for proliferation compared with SCC-61, which had significantly decreased cell proliferation with glutamine deprivation. Glutamine is a nonessential versatile amino acid with multiple functions in nucleotide, protein, lipid and ATP biosynthesis (39) . It should also be noted that cancer cells show systemic differences in their glutamine dependence and that not all cancer cells require exogenous supply of glutamine (40) . Resistance to glutamine metabolism has also been associated with de novo biosynthesis of glutamine or utilization of alternate anaplerotic pathways (40) . Whether rSCC-61 bypasses glutamine metabolism or redirects glutamine biosynthesis along with its functional consequence to resistance to radiation remains to be explored. Radiation treatment significantly impaired cell proliferation when used alone. However, an additive or synergistic effect, when used in combination with inhibitors of cellular energy metabolism, was not evident from the studies reported here suggesting either: 1. masking of the radiation-induced cell death due to the much stronger effects of energy deprivation; or 2. dependence of radiation effects on energy metabolism. We favor the second scenario based on the known mechanisms of radiation-induced ROS and ROS amplification in time (41) and data showing an inhibition of the radiation-induced bystander effects and cell death in G6PD null cells (42) .
Recent research has identified mitochondrial respiration as an important contributor to tumor cell survival and proliferation (12) . Previous observations, such as reduced intracellular and extracellular lactate in rSCC-61 cells (24) , have suggested potential deviation of rSCC-61 from the classical Warburg phenotype and channeling of pyruvate into the TCA cycle to support mitochondrial OXPHOS or into PPP to promote NADPH and nucleotide synthesis. To investigate this metabolic restructuring in rSCC-61, we measured the mitochondrial activity (OCR) in SCC-61 and rSCC-61 cells using the Seahorse XF analyzer. rSCC-61 cells had significantly lower basal OCR, indicating that these cells generate less ATP via mitochondrial respiration. Another significant observation was the lower spare capacity in rSCC-61 compared with SCC-61 (P , 0.001). It has been demonstrated that under stress mitochondria can draw on the spare capacity to meet the additional energy demands for detoxification and repair of stressinduced damage (43) . Thus, intuitively we expected the spare capacity in rSCC-61 to be higher than SCC-61, a hypothesis that was proven incorrect by the analysis shown in Fig. 4 . However, despite the lower spare capacity in rSCC-61, the rSCC-61 cells maintain a significant level of ATP production that could potentially be used to repair radiation-associated damage. Interestingly, the nonmitochondrial respiration was also decreased in rSCC-61 (though the statistical significance was lower compared to other OCR parameters) and was inhibited by orlistat treatment in both SCC-61 and rSCC-61 cells. A full investigation of the ROS sources and metabolism in SCC-61 and rSCC-61 cells is underway, but these results raise the possibility that other cellular oxygen-consuming reactions such as those catalyzed by cell membraneassociated NAD(P)H oxidases or oxidoreductases may contribute to both ROS content and energy metabolism by regenerating, for example, NAD þ needed for glycolysis (44) . Fatty acid metabolism may well contribute to these processes since there is an established regulatory relationship between plasma membrane lipid composition and activity of the enzymes embedded or associated with cellular plasma membrane (45) . We plan to study these mechanisms as we further investigate this model of radiation resistance.
Fatty acids are also key contributors to energy metabolism, and key enzymes in the lipid synthesis pathway such as FASN have been shown to be upregulated in cancer cells (31) . While a number of studies implicate the role of FASN in tumorigenesis and appreciate its diagnostic and prognostic value, studies focusing on the association of FASN overexpression with response to therapy are limited. In head and neck cancer, overexpression of FASN has been previously reported and associated with lung metastasis of HNSCC and radiation resistance in nasopharyngeal cancer (46) (47) (48) (49) . Consistent with these observations, we found increased expression and activity of FASN in radiationresistant rSCC-61 cells. Moreover, we demonstrate that inhibition of FASN by orlistat reduces rSCC-61 cell proliferation, and depletion of FASN with orlistat or siRNA renders the rSCC-61 cells sensitive to the cytotoxic effects of radiation. Depletion of FASN with orlistat significantly decreased ATP production in rSCC-61, thereby potentially reducing its ability to repair radiation-induced damage. We are particularly intrigued by a recent study showing the induction of epithelial-to-mesenchymal transition by decreasing the expression of FASN (50) . These results match nicely with our previously reported analysis of the mesenchymal-to-epithelial change in phenotype in SCC-61/rSCC-61 system, which was associated with increased FASN expression in rSCC-61 (24) . Together these studies point not only to the potential value of exploring FASN inhibitors for treatment of radiation-resistant HNSCC, but also to lipid metabolism as a major driver of radiation response and cellular epithelial or mesenchymal phenotype.
To summarize, we present an analysis of the nutrient and energy metabolism in a matched model of radiation resistance for HNSCC (Fig. 7) . The radioresistant rSCC-61 cells were distinctly characterized by increased dependency on glucose and enhanced sensitivity to glycolysis and PPP inhibitors. The radiation-resistant phenotype was associated with a deviation from the Warburg effect and utilization of endogenous fatty acids for energy production. One of the significant findings of our study was the increased sensitivity to radiation upon inhibition of FASN, which opens new directions for research focused on development and optimization of inhibitors targeting lipid metabolism pathways that are enhanced in radiationresistant HNSCC.
